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Evolution of Immunological Memory and
the Regulation of Competition between Pathogens
tant assumption is that the two pathogen species or
strains are not immunologically crossreactive. There-
fore, hosts recovered from one pathogen are still sus-
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MP-665 ceptible to infection by the other. In the following, the
evolution of memory under these assumptions is investi-Seattle, Washington 98109
gated.
The model gives rise to the interesting finding that the
duration of memory (G ) can regulate the outcome ofSummary
competition between the two pathogens (Figure 2). If
the duration of memory is short and the population ofMemory is a central characteristic of immune re-
immune hosts becomes susceptible again at a fast ratesponses [1]. It is defined as an elevated number of
(low value of G ), competition between pathogens isspecific immune cells that remain after resolution of
strong and the superior pathogen wins and excludesinfection and can protect the host against reinfection
the inferior one. On the other hand, if the duration of[2]. The evolution of immunological memory is subject
protection is longer (higher value of G ), competitionto debate [3–7]. The advantages of memory discussed
between the two pathogens is weaker and coexistenceso far include protection from reinfection, control of
of the pathogens can be observed (Figure 2). The longerchronic infection, and the transfer of immune function
the duration of protection, the higher the relative abun-to the next generation. Mathematical models are used
dance of the competitively inferior pathogen (Figure 2).to identify a new force that can drive the evolution of
In other words, long-lasting immunological memoryimmunological memory: the duration of memory can
allows a competitively inferior pathogen to persist andregulate the degree of competition between different
to be maintained in the host population. The reason ispathogens. While a long duration of memory provides
as follows. A long duration of memory results in thelasting protection against reinfection, it may also allow
presence of hosts that are susceptible to only one andan inferior pathogen species to persist. This can be
not the other pathogen species. Therefore, the degreedetrimental for the host if the inferior pathogen is more
of interspecific competition is reduced relative to intra-virulent. On the other hand, a shorter duration of mem-
specific competition. This results in coexistence. If, onory ensures that an inferior pathogen species is ex-
the other hand, the duration of memory is relativelycluded. This can be beneficial for the host if the inferior
short, then the majority of hosts will be susceptible topathogen is more virulent. Thus, while in the absence
both pathogen species. In this case, the degree of inter-of pathogen diversity memory is always expected to
specific competition is much higher and competitiveevolve to a long duration, under specific circum-
exclusion is observed. A relationship between immunity,stances, memory can evolve toward shorter durations
crossreactivity, and pathogen diversity has been dis-in the presence of pathogen diversity.
cussed before in the context of influenza virus infection
[11, 12].
Results and Discussion What are the implications of these findings for the
evolution of immunological memory? The answer de-
This paper examines the evolution of immunological pends on the assumptions of the model. If the inferior
memory, defined as the duration for which hosts are pathogen species is less virulent, persistence of this
protected from reinfection. This is investigated with pathogen due to a longer duration of memory can only
mathematical models. They are based on previous epi- be advantageous for the host. The situation is, however,
demiological work [8] and take into account susceptible, more complicated if the inferior pathogen is more viru-
infected, and recovered/immune hosts (Figure 1). In the lent. In this case, the persistence of the inferior pathogen
model, immune hosts revert to being susceptible at a due to a longer duration of memory can be costly for
rate g; the duration of memory is thus given by G  the host population because the level of virulence is
1/g. First, consider the simplest scenario where a single higher. From an evolutionary point of view, this is the
pathogen population interacts with a host population most interesting parameter region, and the rest of the
(Figure 1A). Mathematical analysis clearly shows that a paper will focus on this.
longer duration of memory is always advantageous for In this parameter region where the inferior pathogen
the host. In the model, the duration of memory is pre- is more virulent, the following arguments apply. While
dicted to evolve to infinity (G ∞), but in reality it would a long duration of memory is advantageous because it
of course be finite, determined by reproductive tradeoffs protects the host from reinfection, a short duration of
not included in the model. We refer to this as the maxi- memory can also be advantageous because it allows
mum memory outcome. Now, consider a more compli- less virulent pathogens to exclude more virulent ones.
cated scenario, which describes the interactions be- We observe two outcomes toward which the system
tween two pathogen species or strains [9, 10] that may evolve (Figure 3). One of the outcomes is maximum
compete for one host population (Figure 1B). An impor- memory (G  ∞). The other outcome is a suboptimal
and shorter duration of memory (smaller value of G ). To
which state the system evolves depends on the starting*Correspondence: wodarz@fhcrc.org
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Figure 1. Explanation of the Mathematical Models
(A) Interactions between a single pathogen population and a host population. The model takes into account the following basic variables:
susceptible and uninfected hosts, S; infected hosts, I; recovered hosts that are protected against reinfection, R; and a population of pathogens,
P. Uninfected and susceptible hosts are assumed to reproduce at a rate r and die at a rate d. They become infected by the pathogen at a
rate . Infected hosts are characterized by an elevated death rate, a, reflecting pathogen-induced mortality. In addition, they are assumed to
recover from infection at a rate . Recovered hosts die at the same rate as uninfected individuals, d, and they cannot be reinfected by the
pathogen. This protection is not infinite, but is lost at a rate g. The model assumes that all host populations reproduce. The pathogen is,
however, not transmitted vertically to the offspring. Moreover, it is assumed that offspring from recovered and immune hosts are once again
susceptible to infection. (While antibody memory can be transferred from mother to child, this protection only lasts for a few months; T cell
memory is not transferred from mother to offspring). Finally, pathogens can be released from the hosts into the environment at a rate k and
may decay in the environment at a rate u. The dynamics are formulated in terms of ordinary differential equations that describe the development
of these populations over time. The equations are given in the Supplemental Data.
(B) Interactions between two pathogen populations and a host. The model includes two populations of pathogens, P1 and P2. The population
of hosts infected with pathogen 1 are denoted by I1, and hosts recovered and immune to pathogen 1 are denoted by R1. Similarly, hosts
infected by pathogen 2 are denoted by I2, and hosts recovered and immune to pathogen 2 are denoted by R2. Hosts immune to pathogen 1
are still susceptible to pathogen 2, and hosts immune to pathogen 2 are susceptible to pathogen 1. Thus, we have the following additional
populations: hosts recovered from pathogen 1 and infected with pathogen 2, I12; hosts recovered from pathogen 2 and infected with pathogen
1, I21; and hosts recovered and immune to both infections, R12. For simplicity, it is assumed that hosts do not experience simultaneous multiple
infections. The equations for the model are given in the Supplemental Data.
condition, G0 (Figure 3). If we start with a duration of threshold duration (Gthr) separating the two outcomes is
short. Therefore, the system is likely to evolve to maxi-memory that lies above a threshold (G0  Gthr), the sys-
tem evolves toward maximal memory. If we start with a mum duration of memory. The reason is that the differ-
ence in virulence between the two pathogens is low.duration of memory that lies below the threshold (G0 
Gthr), the system evolves to the state describing subopti- Thus, it does not pay to reduce memory in order to
exclude the more virulent pathogen. At the oppositemal memory. What is the initial duration of memory that
separates the two outcomes (value of Gthr)? As shown extreme, the rate of host killing by the more virulent
pathogen is much higher than that of the less virulentin Figure 4, it depends on the rate of host killing by the
more virulent pathogen. At one extreme, the rate of host one. Now, the threshold duration (Gthr) that separates
the two outcomes is very high. In this case, the system iskilling by the more virulent pathogen is similar to that
of the less virulent pathogen. Figure 4 shows that the likely to evolve toward the suboptimal memory outcome.
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Figure 2. Duration of Memory and the Competition between an Inferior and a Superior Pathogen
(A) If memory is short, the superior pathogen out-competes and excludes the inferior one. If the duration of memory lies above a threshold,
the inferior pathogen can coexist with the superior one.
(B) The longer the duration of memory, the higher the abundance of the inferior pathogen. Parameter values were chosen as follows: r  0.5;
d  0.01;   1;   0.1; k  1; u  0.5; a1  0.03; a2  1; (i) g  10; (ii) g  0.01.
The reason is that the more virulent pathogen is charac- system can evolve may not be stable states. Assume
that evolution takes the system to the suboptimal mem-terized by a much higher rate of host killing compared
to the less virulent one. It therefore confers a significant ory outcome. This can result in the exclusion of a more
virulent pathogen and reduction in pathogen diversity.cost to the host population, and exclusion of the more
virulent pathogen by means of memory reduction con- As pathogen diversity is reduced, it will become advan-
tageous again to evolve a longer duration of memoryfers a significant advantage. Note, however, that the
duration of protection at the suboptimal memory out- because this leads to lasting protection. As memory
becomes longer, however, inferior pathogens may in-come becomes longer as the rate of host killing by the
more virulent pathogen is increased. The reason is that vade again. As a consequence, more virulent pathogens
can persist and pathogen diversity increases. In thisa higher rate of host killing reduces the relative fitness
of the more virulent pathogen, and thus less memory scenario, it will once again pay to evolve toward a shorter
duration of memory. Thus, we may expect the durationreduction is required to exclude it.
Note, however, that the two outcomes to which the of memory to cycle over time.
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Figure 3. Schematic Representation De-
picting the Evolution of Immunological Mem-
ory Assuming the Presence of Two Popula-
tions of Pathogens that Differ in Their Fitness
The pathogens differ in their virulence (rate
of host killing), and we assume that we are
in a parameter region where increased viru-
lence correlates with reduced fitness. The
system can evolve toward two different out-
comes: the maximum memory outcome or
the shorter or “suboptimal” memory out-
come. Which outcome is achieved by evolu-
tion depends on the initial conditions, that is,
the initial duration of memory. If the simula-
tion is started with an initial duration of mem-
ory that lies above Gthr, having a longer dura-
tion of memory is advantageous. Thus,
evolution takes the system to the maximum
memory outcome. If the simulation is started
with an initial duration of memory that lies
below Gthr, the system evolves toward the
suboptimal memory outcome. The system can converge to the suboptimal memory outcome for the following reason. If the duration of memory
lies below Gthr but above the suboptimal memory outcome, a shorter duration of memory is advantageous and wins. If the duration of memory
lies below the suboptimal memory outcome, longer memory is advantageous and wins.
This paper has shown that the duration of immunologi- host because it can reduce pathogen diversity. The arti-
cle is concluded with a discussion of these results incal memory can influence pathogen competition and
that this can be a selective force that can shape the the light of immunological data. This is a challenging
task because much of the information required to linkevolution of memory. In particular, it was found that a
short duration of memory can be advantageous for the theory and data is currently not available. In order to
test theory, the duration of protection against reinfection
needs to be measured in the context of two types of
pathogens. One pathogen needs to be genetically di-
verse and cocirculate as a collection of distinct sero-
types; the other pathogen should be homogeneous.
Based on theory, immunity against any strain/serotype
of the diverse pathogen should be shorter than protec-
tion against the homogeneous pathogen. For this to be
true, however, the following conditions need to hold:
the serotypes should be characterized by differences in
pathogenicity, and the more pathogenic strains should
have reduced fitness relative to the less pathogenic
strains. This is very difficult to quantify [13], and such
information does not currently exist to my knowledge.
Nevertheless, it is interesting to consider rhinoviruses
as an example [9, 10]. Rhinoviruses, which can cause
the common cold, cocirculate as a collection of many
different serotypes. The primary infection results in the
generation of IgA in nasal secretions and IgG in blood
stream. Acquired immunity is type specific and corre-Figure 4. Dependence of the Value of Gthr—Separating the Two Out-
lates with the level of mucosal IgA antibodies [14]. (Whilecomes—on the Degree of Host Killing by the More Virulent Pathogen
other responses, such as CD8 T cells, are not necessarilyWe assume that we are in a parameter region where increased
type specific, their role in protection is uncertain.) Thevirulence results in reduced fitness. Starting with a duration of mem-
ory that lies above Gthr, the system evolves to the maximum memory titer of IgA antibodies, however, declines at a relatively
outcome (indicated by the arrows pointing upwards). Starting with fast rate, and protection is thought to last for only one
an initial duration of memory that lies below Gthr, the system evolves or two years [15, 16]. This is in contrast to the observa-
to the suboptimal memory outcome that is indicated by a line. If
tion that many infections, as well as vaccines, can resultthe degree of host killing by the more virulent pathogen is similar
in the presence of protecting antibodies for decadesto that of the less virulent one, Gthr is low and the system is likely
[17]. It can be hypothesized that the shorter durationto evolve to the maximum memory outcome. If the degree of host
killing by the more virulent pathogen is higher, Gthr is high and the of memory is observed against rhinoviruses because it
system is likely to evolve to the suboptimal memory outcome. As prevents the maintenance of pathogenic strains in the
the degree of host killing by the more virulent pathogen is increased, host population. Validation of this hypothesis would,
the duration of memory at the suboptimal outcome becomes longer,
however, require detailed investigations, as outlinedbecause less memory reduction is required to exclude more virulent
above. This could have important implications for vacci-pathogens. Parameters were chosen as follows: r  0.5; d  0.01;
  1;   0.03; k  1; u  0.5; a1  0.03; a2  1. nation approaches: prolonging the duration of protec-
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8. Anderson, R.M., and May, R.M. (1991). Infectious Diseases oftion against rhinoviruses by vaccination might allow for
Humans (Oxford: Oxford University Press).the emergence of more pathogenic strains, resulting in
9. Pevear, D.C., Tull, T.M., Seipel, M.E., and Groarke, J.M. (1999).a cost for the human population.
Activity of pleconaril against enteroviruses. Antimicrob. Agents
It is an important question how the duration of memory Chemother. 43, 2109–2115.
can be modulated. For example, it has been observed 10. Groarke, J.M., and Pevear, D.C. (1999). Attenuated virulence of
pleconaril-resistant coxsackievirus B3 variants. J. Infect. Dis.that memory CTL (cytotoxic T lymphocytes) can persist
179, 1538–1541.for a very long time in the absence of antigenic stimula-
11. Andreasen, V., Lin, J., and Levin, S.A. (1997). The dynamics oftion [2], and this should apply to all infections. Interest-
cocirculating influenza strains conferring partial cross-immu-ingly, it has also been demonstrated that the number of
nity. J. Math. Biol. 35, 825–842.
memory CTL against a given pathogen can be reduced 12. Lin, J., Andreasen, V., and Levin, S.A. (1999). Dynamics of influ-
by an antigenically heterologous infection [18]. Thus, if enza A drift: the linear three-strain model. Math. Biosci. 162,
33–51.a host is exposed to many serologically distinct patho-
13. Lipsitch, M., and Moxon, E.R. (1997). Virulence and transmissi-gens in a relatively short period of time, memory against
bility of pathogens: what is the relationship? Trends Microbiol.the pathogens can be reduced and might last for a
5, 31–37.shorter period of time. It is interesting to consider the
14. Hendley, J.O. (1999). Clinical virology of rhinoviruses. Adv. Virus
hypothesis that this could be adaptive for the host: it Res. 54, 453–466.
may allow a reduction in pathogen diversity and the 15. Gern, J.E., Joseph, B., Galagan, D.M., Borcherding, W.R., and
Dick, E.C. (1996). Rhinovirus inhibits antigen-specific T cell pro-extinction of more pathogenic strains. Other factors can
liferation through an intercellular adhesion molecule-1-depen-also modulate the duration of immunological memory.
dent mechanism. J. Infect. Dis. 174, 1143–1150.The interactions between pathogens and the immune
16. Barclay, W.S., al-Nakib, W., Higgins, P.G., and Tyrrell, D.A.system can result in the impaired generation of memory
(1989). The time course of the humoral immune response to
and thus in shorter protection. If shorter protection is rhinovirus infection. Epidemiol. Infect. 103, 659–669.
advantageous for the host, there will be no selection 17. Slifka, M.K., and Ahmed, R. (1998). Long-lived plasma cells: a
mechanism for maintaining persistent antibody production.pressure to overcome this impairment. On the other
Curr. Opin. Immunol. 10, 252–258.hand, protection can be prolonged if memory is re-
18. Selin, L.K., Lin, M.Y., Kraemer, K.A., Pardoll, D.M., Schneck,boosted. This can occur if reinfection is not prevented
J.P., Varga, S.M., Santolucito, P.A., Pinto, A.K., and Welsh, R.M.and limited pathogen growth occurs. While symptoms
(1999). Attrition of T cell memory: selective loss of LCMV epi-
may be absent, the limited pathogen growth could in- tope-specific memory CD8 T cells following infections with het-
crease an otherwise declining memory cell population. erologous viruses. Immunity 11, 733–742.
These examples show that the duration of memory
should not be considered as a fixed constant, but as a
variable that can be modulated. The analysis presented
here provides a framework in which to consider the topic
of memory duration in more detail.
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